It has long been thought that severe chronic pain conditions, such as Complex Regional 33 Pain Syndrome (CRPS), are not only associated with, but even maintained by a 34 reorganisation of the somatotopic representation of the affected limb in primary 35 somatosensory cortex (S1). This notion has driven treatments that aim to restore S1 36 representations, such as sensory discrimination training and mirror therapy. However, 37 this notion is based on both indirect and incomplete evidence obtained with imaging 38 methods with low spatial resolution. Here, we used functional MRI to characterize the S1 39 representation of the affected and unaffected hand in patients with unilateral CRPS. At 40 the group level, the cortical area, location, and geometry of the S1 representation of the 41 CRPS hand were largely comparable to those of the healthy hand and controls.
nor unpleasant, and similarly intense on the different fingers of the two hands. All 146 patients described the sensation that was elicited by stimulation of the unaffected 147 fingers, in similar terms to those used by the control participants. Patients described the 148 sensation that was elicited by stimulation of the affected fingers in a variety of ways; 149 "burning", "tingling", "pain", "brushing like with a sharp object", "horrible", "itchy", 150 "scraping", "like a needle prick", "electric shooting pain". These terms are consistent with 151 the clinical phenomenon of allodynia.
153
Participants did not report systematic differences in stimulus perception across the 154 fingertips of the same hand. Pain intensity fluctuates over time in most chronic pain 155 conditions (including CRPS), even despite highly-controlled and reproducible stimulation 156 (Foss et al., 2006) . However, such fluctuations are unlikely to confound our measures of 157 cortical somatotopy. Indeed, our analysis method allowed to dissect the magnitude of 158 the brain responses from their spatial organization. All our analyses did not focus on the 159 magnitude of the S1 responses, but on their spatial organisation, which is not 
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Our choice of bilateral stimulation was motivated by the need to map the fingertips of 178 both hands in a single imaging session (several patients travelled from distant regions in 179 Australia). Importantly, our choice was grounded on neuroscientific evidence that there 180 are extremely limited trans-callosal connections between the hand representations of S1 181 in the primate brain (Jones and Hendry, 1980; Killackey et al., 1983) . We note that some 182 studies have reported an inhibitory response to hand stimulation in ipsilateral S1 183 (Hlushchuk and Hari, 2006; Lipton et al., 2006; Klingner et al., 2011) . The deactivation of 184 ipsilateral S1 is most likely mediated by an input that ascends the contralateral pathway 185 to a higher-order cortical area, crosses in the corpus callosum, and is then fed back to 186 area 3b in S1 (Lipton et al., 2006; Tommerdahl et al., 2006) . Ipsilateral finger 187 representations are engaged in active movement, but not during somatosensory 188 processing (Berlot et al., 2018) . Peripheral nerve injury can enhance activity in ipsilateral 189 S1 (Fornander et al., 2016) , especially at the level of interneurons in laminae V and VI 190 (Pelled et al., 2009) . Crucially, ipsilateral activations and deactivations in S1 are diffused 191 and not somatotopically specific (Helmich et al., 2005; Reed et al., 2011; Ann Stringer et 192 al., 2014; Geva et al., 2017) . They can modulate the amplitude of the S1 response 193 (which is not of interest here), but there is no evidence that they affect the spatial 194 (somatotopic) organisation of the contralateral responses (Reed et al., 2011; Ann 195 Stringer et al., 2014; Geva et al., 2017) . This is further confirmed by our preliminary 196 imaging data, in which we found that unilateral vs. bilateral fingertip mapping yielded 197 both greatly similar and highly reproducible fingertip maps in S1 ( Figure 1 ). Therefore,
198
we considered bilateral finger stimulation as a resource-efficient method to map the S1 the Nyquist limit were allowed (i.e. half the sampling rate); this corresponds to no use of 229 low pass filter. For display, a vector was generated whose amplitude is the square root 230 of the F-ratio calculated by comparing the signal amplitude at the stimulus frequency to 231 the signal at other noise frequencies and whose angle was the stimulus phase. To 232 the surface normal to each vertex were disregarded (top 20% of the cortical thickness).
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The F-ratio was subsequently corrected at p < 0.01 using a surface-based cluster 236 correction for multiple comparisons as implemented by surfclust and randsurfclust within 237 the csurf FreeSurfer framework (Hagler et al., 2006) . The Fourier-transformed data were 238 then sampled onto the individual cortical surface. Using this statistical threshold, we cut 239 a label containing all vertices that showed a significant periodic response to finger 240 stimulation (see one example in Figure 7A ) and was localised within S1 (i.e. within the 241 boundaries of areas 3a, 3b and 1, as estimated by the cortical parcellation tools 242 implemented in Freesurfer). This label, or region of interest (ROI), is used as the input 243 for the analyses described in the next sections. The phase-encoded stimulation 244 procedure that we used is designed to map the hand region across fingers, not within 245 fingers (Sanchez-Panchuelo et al., 2012) . Therefore, we could not derive accurate ROIs 246 for each finger in isolation. This is because voxels that are activated by more than one 247 finger are masked out. Furthermore, we did not derive ROIs for the different subdivisions 248 of S1 because a precise and reliable parcellation of the cortical surface at single-subject 249 level would require microstructural imaging.
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In a few cases, we could not identify any ROI with a response to fingertip stimulation (no 252 response to either fingertip stimulation), even at uncorrected p < 0.05: subject #3, right 253 hemisphere (patient with right CRPS); subject #20, left hemisphere (right CRPS); subject 254 #24, left hemisphere (right CRPS); subject #28, left hemisphere (left CRPS); subject 255 #29, right hemisphere (left CRPS). These cases were excluded from further analysis.
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Evaluation of hand map area. We calculated the surface area of the left-and right-258 hand maps, from each participant ROI. This was done after resampling the phase maps 259 onto the original average brain volume, to control for inter-individual variability in brain 260 size. In order to increase statistical power, we pooled data from the two CRPS groups 261 and compared map area in the affected vs unaffected sides with both a frequentist and a 262 Bayesian mixed-effects ANOVAs with a within-subject factor 'side' (2-levels: affected, 263 unaffected) and a between-subjects factor 'group' (2-levels: controls, CRPS). In the 264 CRPS group, we tested whether the area of the maps of the affected and unaffected 265 hands could be explained using Bayesian linear regression models by the following 266 variables: (1) CRPS duration; (2) the severity of upper limb disability as measured by the 267 QuickDash score; (3) pain intensity rating collected during the imaging session; (4) a 268 severity score derived from the difference of PPT thresholds in the two hands as follows:
269
(1)
270
PP severity = [ (PPT unaffected hand -PPT affected hand ) / PPT unaffected hand ] 100
272
Evaluation of hand map location. We controlled for individual differences in brain 273 morphology as follows. We first inflated each participant's cortical surface to a sphere 274 and then non-linearly morphed it into alignment with an average spherical cortical 275 surface using FreeSurfer's tool mri_surf2surf (Fischl et al., 1999) . This procedure 276 metric distortions across the surface. We resampled phase maps onto this average 278 spherical surface (Freesurfer's fsaverage) and calculated the location of the centroid of 279 the map on this average surface. We investigated whether the map centroid was 280 different across sides and groups, in two ways.
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First, we tested whether the distribution of spherical coordinates was different across 283 conditions ('side' and 'group'). As a basis for this comparison, we used the Fisher 284 probability density function (Fisher, 1953) , which is the spherical coordinate system 285 analogue of the Gaussian probability density function. This approach has been 286 commonly used in the field of paleomagnetism and has also been applied for the 287 analysis of direction data from diffusion tensor imaging (Hutchinson et al., 2012) . We 288 calculated the F statistics for the null hypothesis that sample observations from two 289 groups are taken from the same population. The following equation was derived from 290 Watson (Watson, 1956; Hutchinson et al., 2012) and used to compare two groups with 291 N 1 and N 2 observed unit vectors and resultant vectors of length R 1 and R 2 respectively:
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(2) 293 2,2( −2) = ( − 2)
where N= N 1 + N 2 and R is the length of the resultant vector for the pooled direction 295 vector observations from both groups. The resultant vector sums of all observations, R 1 ,
296
R 2 , and R, are calculated as follows:
297
(3)
299 where x i , y i , z i are the coordinates of the map centroids for each participant.
301
We performed the following F contrasts, separately for each hemisphere: controls vs 302 patients with right CRPS and controls vs patients with left CRPS (four F tests in total).
303
The larger the value of F, the more different the two group mean directions. A p-value 304 was obtained using the appropriate degrees of freedom (2 and 2(N-2), respectively) and 305 critical probability level of 0.05. The F statistics for H 0 (no difference) and H 1 was used to 306 calculate the BF for each contrast, as follows (Held and Ott, 2018, equation 5):
The F-based BF 10 is simply equal to 1/BF (F) .
311
As a complementary measure of map location, we computed the geodesic distance, in 312 mm, between the map centroid and an arbitrary reference point located within the 313 statistically compared using both a frequentist and a Bayesian mixed-effects ANOVA 315 with a within-subject factor 'side' (2-levels: affected, unaffected) and a between-subjects 316 factor 'group' (2-levels: controls, CRPS).
318
Note that we did not estimate the centroid of each finger representation because our 319 mapping method is not designed to reveal independent representations of individual 320 fingers, given that each finger is stimulated in succession. Future studies are required to 321 investigate finger-specific representations in CRPS.
323
Evaluation of hand map geometry. As a measure of the functional geometry of the 324 map, we measured the spatial arrangement (i.e. direction) of the spatial gradients of the 325 map. As illustrated in Figure 7A , the hand map exhibits a typical spatial gradient from 326 index finger to little finger. For each participant, we resampled the map ROIs from the 327 inflated cortical surface of each participant onto a flattened, two-dimensional, surface 328 patch. After sampling the complex-valued 3D phase-mapping data to the folded surface,
329
we displayed it on a small flattened, 2D surface patch, which minimizes deviations from 330 original geometry. We gently smoothed the complex values on the surface using a 1.5 331 mm kernel and then converted the complex-valued data (real, imaginary) to amplitude 332 and phase angle. The 2D gradient of the phase angle was computed after fitting a plane 333 to the data from the surrounding vertices (taking care to circularly subtract the angular 334 data). The amplitude of the gradient at each vertex was then normalized for display.
336
The mean direction of map gradients is not informative because each participant cortical 337 patch has an arbitrary direction. However, the spread (or variability) of map gradients is 338 informative, because it doesn't depend on the orientation of the cortical surface patch;
339
higher variability of gradient directions indicates that the map phases are more spread 340 and less spatially organized. Therefore, we investigated whether the functional geometry 341 of the map is affected by CRPS, by testing whether the gradient directions of the map of 342 the affected hand were more variable than those of the unaffected hand and controls. As 343 a measure of map gradient variability, we calculated the circular variance of the gradient 344 angles of each ROI. We conducted a Harrison-Kanji test (Harrison and Kanji, 1988;  345 Berens, 2009) on the gradient variances to statistically compare the variability of map 346 gradients across groups and participants. This test allowed us to perform a two-factor 347 ANOVA for circular data, with a within-subject factor 'side' (2-levels: affected, unaffected) 348 and a between-subjects factor 'group' (2-levels: controls, CRPS). BFs for each contrast 349 were calculated as described by equation 4 (the probability level for H 0 was 0.05).
351
We tested the hypothesis that there was a relation between map gradient variability and 352 disease duration, using the equation for circular-linear correlation (r cl ) described in (Zar, Table 1 reports the demographic and clinical information of the study sample (Healthy 384 controls: n = 17; CRPS to the left hand: n = 8; CRPS to the right hand: n = 10). Age was 385 similar in the control group (mean ± SD, 44.9 ± 12.0 years) and in the patients (44.2 ± 386 11.3; independent samples t-test: t 33 = 0.19, p = 0.856, BF 10 = 0.329). Handedness was 387 evaluated using the Edinburgh Handedness Inventory, which yields a laterality score that 388 ranges from -100 (left-hand dominant) to +100 (right-hand dominant) (Oldfield, 1971) .
389
This laterality score was comparable in controls (73.6 ± 49.8) and patients (61.6 ± 58.1; 390 independent samples t-test: t 33 = 0.65, p = 0.518, BF 10 = 0.384). Age of patients was 391 similar to those found in the UK CRPS Registry (Shenker et al., 2015) : mean age at 392 onset was 43 ± 12.7 years (n = 239), whereas mean pain duration was 2.9 years (n = 393 237) was slightly shorter in the UK CRPS registry.
395
As expected, CRPS patients were more sensitive to pressure, with lower average pain 396 pressure threshold (PPT) on their affected hand (3.4 ± 3.8) than on their unaffected hand 397 (7.6 ± 11.0; paired samples t-test: t 17 = -2.21, p = 0.041, BF 10 = 1.679). Confirming that 398 the CRPS was unilateral, PPTs on the unaffected hand of CRPS patients were similar to 399 those of controls (average left and right hand of controls ± SD, 10.7 ± 14.9; independent 400 samples t-test: t 33 = 0.72, p = 0.476, BF 10 = 0.398). Ratings of spontaneous pain did not 401 0.6 ± 2.5; t 16 = 0.96, p = 0.351, BF 10 = 0.281).
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Somatotopic representation of the hand in S1 405 406
We stimulated the tips of each finger in succession, as shown in Figure 2A , using a 407 mechanical probe. Mechanical stimulation to the fingertips elicited a periodic response in 408 the hand region of S1 ( Figure 2B) . A selection of single-subjects maps is shown in 
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Phases corresponding to rest (no stimulation) have been truncated. The map showed a 415 clear spatial gradient of digit preference, progressing from d2 (index finger) to d3, d4 and 416 d5 (little finger). The arrangement and location of the map was qualitatively similar to 417 that reported in previous human fMRI studies (Sanchez-Panchuelo et al., 2010; Mancini 418 et al., 2012; Besle et al., 2013; Martuzzi et al., 2014; Kolasinski et al., 2016a ).
420
We tested whether the area, location, and functional geometry of the map of the affected 421 hand was similar to those of the unaffected hand and controls. To do so, we defined 422 individual ROIs as clusters located in S1 that showed a significant periodic response at 423 the spatial frequency of stimulation (cluster-corrected, p < 0.01).
425

Map area 426
To control for inter-individual variability in brain size, we resampled the phase maps onto 427 the original average brain volume. We then calculated the surface area of the left-and 428 right-hand maps from each participant ROI. In order to increase statistical power, we 429 flipped the data from the right hand CRPS group so that the affected side became the 430 left hand/right hemisphere in all patients and then pooled these data. As evident in 431 Figure 5A , the map area was comparable among groups and sides. A mixed-effects 432 ANOVA with a within-subject factor 'side' (2-levels: affected, unaffected) and a between-433 subjects factor 'group' (2-levels: controls, CRPS) did not provide evidence for any main 434 effect or interaction ('side': F 1,28 = 0.281, p = 0.60, p 2 = 0.010; 'group': F 1,28 = 1.555, p = 435 0.223, p 2 = 0.053; 'side' by 'group': F 1,28 = 0.315, p = 0.579, p 2 = 0.011). A Bayesian 458 459
Relation with pain intensity 460
We found no evidence for a linear relation between the area of the map of the affected 461 hand and pain intensity ratings obtained during the imaging session (ratings for each 462 subject are reported in Table 1 ). The null model (BF 10 = 1, P(M|data) = 0.685) won over 
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Finally, the area of the map of the unaffected hand was not explained by CRPS duration, 473 pain intensity rating, or PP severity (all BF 10 for null models = 1; all BF 10 for alternative 474 models < 0.6).
476
In summary, these analyses do not provide support for the hypothesis that the map of 477 the CRPS hand was smaller than the map of the unaffected hand and that of healthy 478 controls, at group level. However, we found evidence that the map area of the CRPS 479 hand was modulated by disease duration, across participants. The more chronic was the 480 disease, the smaller was the map of the affected hand. Map area was not predicted by 481 various measures of pain severity and upper limb disability.
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Map location 484
We calculated the centroid of the hand map, after resampling it onto an average 485 spherical surface (see "Evaluation of hand map location" for details). This was done to 486 control for individual differences in brain morphology and to obtain localisation measures 487 that were not confounded by gyrification. Figure 6A -B shows the distribution of map 488 centroids of each participant, resampled onto a canonical spherical cortical surface of an 489 but visibly similar across groups. Indeed, the F-statistics based on the Fisher probability 491 density function (Fisher, 1953) did not provide evidence for any directional difference 492 between groups for either side (Table 2) .
494
As a further comparison of the locations of map centroids across groups, we computed 495 the geodesic distance, in mm, between the map centroid and an arbitrary reference point 496 located within the concavity of the central sulcus ( Figure 6C ). Importantly, geodesic 497 distance measures calculated onto average spherical surfaces are not confounded by 498 gyrification and allow comparison of different subjects. This is a key advantage of our 499 approach over previous studies which measured Euclidean distances between two 500 finger representations. A mixed-effects ANOVA with a within-subject factor 'side' and a 501 between-subjects factor 'group' did not provide evidence for any main effect or 502 interaction ('side': F 1,28 < 0.01, p = 0.999, p 2 < 0.001; 'group': F 1,28 = 0.163, p = 0.689, 503 p 2 = 0.006; 'side' by 'group': F 1,28 = 0.254, p = 0.619, p 2 = 0.009). In a Bayesian mixed-504 effects ANOVA, the null model had stronger evidence (BF 10 = 1, P(M|data) = 0.581)
505
relative to models of 'group' (BF 10 = 0.340, P(M|data) = 0.198), 'side' (BF 10 = 0.262, 506 P(M|data) = 0.152), 'side+group' (BF 10 = 0.087, P(M|data) = 0.051),
507
'side+group+interaction' (BF 10 = 0.032, P(M|data) = 0.019).
509
Altogether, these analyses indicate that the location of the hand map centroid was not 510 affected by CRPS.
512
Map geometry 513
Finally, we evaluated the variability of the geometry of the map of the affected hand in 514 CRPS patients. As illustrated in Figure 7A , the hand map exhibits a typical spatial 515 gradient from index finger to little finger. The spatial gradient (i.e. the direction) of the 516 map indicates the spatial progression of the map phases, providing a measure of the 517 map geometry. We investigated whether the gradient directions of the map of the 518 affected hand were more variable than those of the unaffected hand and controls. As a 519 measure of map gradient variability, we calculated the circular variance of the gradient 520 angles of each flattened, two-dimensional, surface ROI (see "Evaluation of hand map 521 geometry" for details).
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The gradient directions of the map of the affected hand were not differently variable (i.e.
524
not differently spread) from those of the unaffected hand and controls ( Figure 7B) . A
525
Harrison-Kanji test with a within-subject factor 'side' and a between-subjects factor 526 'group' on the gradient variances provided evidence for a main effect of side (F 1,59 = 527 4.813, p = 0.032, p 2 = 0.079, BF 10 = 1.202) and no evidence for a main effect of group 528 (F 1,59 = 2.243, p = 0.140, p 2 = 0.038, BF 10 = 0.560). We found weak and inconclusive 529 evidence for an interaction between side and group (F 1,59 = 3.889, p = 0.071, p 2 = 530 0.057, BF 10 = 0.971). This suggests that the spread of map gradients, which is a 531 measure of functional organization, was largely similar across groups.
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recent study used fMRI and measured the cortical distance between d1 and d5 579 activation peaks (Di Pietro et al., 2015) . This study partially confirmed former EEG/MEG 580 findings, reporting that the d1-d5 distance in S1 was smaller for the affected hand than it 581 was for the unaffected hand in CRPS patients. However, the representation of the 582 affected hand was comparable to that of healthy controls, in agreement with the current 583 results. Critically, the Di Pietro study (2015) found that the representation of the 584 unaffected hand in CRPS patients was larger than that of controls, thus challenging the 585 view that the representation of the affected hand is shrunk and suggesting that the 586 representation of the unaffected hand is actually enlarged. The current results do not 587 support either interpretation.
589
Three important limitations affect all previous studies, regardless of the imaging 590 approach used. First, the approach taken to estimate map size is both indirect and Recent fMRI studies (Makin et al., 2013a; Kikkert et al., 2016) suggest that finger 607 topographies in S1 are surprisingly persistent even in humans who suffered amputation 608 of the upper-limb. It was demonstrated that the area, location and functional organisation 609 of the S1 maps of the missing hand were similar, although noisier, to those observed in 610 controls during finger movements (Makin et al., 2013a; Kikkert et al., 2016) . It has also 611 been shown that the deafferented territory in human S1 can respond to somatotopically 
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Recent evidence from electrophysiological and inactivation studies in monkeys suggests 627 that the reorganisation following nerve transection originates, not in S1, but in the 628 brainstem. Indeed, inactivating the cuneate nucleus abolishes the neural activity in the 629 deafferented limb representation in S1 elicited by face stimulation (Kambi et al., 2014) .
630
Hence, loss of input from a body region in adulthood may lead to the formation or 
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Some resistance to change has also been described for visual retinotopic maps.
637
Although it has been shown that large lesions to the retina in adult mammals can induce 
646 Conclusion and future directions 647
Our study provides the most complete characterization, to date, of the S1 somatotopy of 648 the CRPS hand. We report that the S1 representation of the CRPS hand is comparable, 649 at the group level, to that of the healthy hand, in terms of cortical area, location and 650 geometry. The area of the S1 map of the CRPS hand is related to disease duration but 
688
Phases corresponding to rest have been truncated. 
690
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and motor cortex. PLoS ONE 9:e85372.
1 Table 1 . Demographic and clinical information of the study sample.
Range of motion, motor weakness, tremor, allodynia: '-' indicates no abnormality, whereas '+' indicates presence of a symptom. Intensity of pain to the upper limb during scans were evaluated on a Likert scale from 0 (no pain) to 10 (worst pain imaginable). PPT indicates the Pressure Pain threshold and is reported in kg/cm 2 units. The laterality score is derived from the Edinburgh Handedness Inventory and ranges from -100 (left-hand dominant) to +100 (right-hand dominant). 
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